Introduction
Hazardous waste management should fulfil the following three main goals: (i) to protect human health and the environment, (ii) to reduce waste while conserving energy and natural resources and (iii) to reduce or eliminate the volume of waste to dispose of. The last two of these goals may derive from recycling, which aims at reducing raw materials and energy consumption and decreasing the volume of waste materials that must be treated and disposed of.
However, recycling must be conducted in a safe way, ensuring human health and environment protection. Recycling activities should be regulated at a different degree on the basis of the risk they cause to human health and the environment. A hazardous waste destined for recycling must be identified by type and recycling process in order to determine its level of regulation (Linninger & Chakraborty, 2001) .
Pharmaceutical packaging represents a very small percentage of hazardous waste, but its management can cause problems for the environment, depending on the type of packaging waste is concerned (Sacha et al., 2010) . Such waste may include:
• uncontaminated waste (assimilated to domestic waste: paper, cardboard, glass, plastic); • contaminated waste (paper, cardboard, glass, plastic), e.g. waste that has been in contact with cytotoxic products, blood, blood-derived products or radioactive products.
The use of environmental-friendly packaging (i.e. recyclable or degradable packaging) has to be considered. Valuable packaging materials, such as aluminium paper, glass and plastic materials, can been extensively recycled if they have not been in contact with toxic or dangerous substances (Bauer, E.J. , 2009 ).
This chapter is focused on a feasibility study for the management of packaging waste from a pharmaceutical plant, considering the following phases:
• waste materials characterization; • preliminary tests on waste processing; • set up of size reduction (comminution) operations.
Experimental tests have been executed on several typologies of packing, as listed:
• primary packaging:
• bottles in high density polyethylene (HDPE), for suspension to be reconstituted; • bottles in poly(ethylene terephthalate) (PET), for syrup; • plastic bags and films of varying composition and thickness; • pharmaceutical waste:
• flexible multi-layered (plastic and aluminium) sachets containing granular medicine.
Experimental
In a first stage, the products under investigation were characterized as derived from the industrial process. The results of the characterization were utilized to set up preliminary tests on waste processing, in particular the comminution operations were evaluated. Finally, an experimental plan was carried out to assess the feasibility of waste recycling.
Methods for characterization
The following methods were adopted in the experimental set-up for the characterization of products under investigation:
• image analysis, to measure geometric and morphologic characteristics; the results were evaluated by statistical methods; • dry sieve analysis, to classify the size distribution of particles; • laser granulometry, to classify size distribution of particles in the interval between 0.1 e 1,000 μm; • infrared spectroscopy, to recognize chemical composition of polymeric materials under investigation.
Image analysis
The images for characterization were acquired by the stereoscopic microscopy Leica Wild M8 and a by a digital camera Olympus C-5060 Wide Zoom. The image analysis was carried out by the software SigmaScan Pro© Version 5.0.0 (Systat Software Inc., 2007) , which provides a complete set of tools to analyse structure and dimension of an object's image.
Firstly, calibration allowed to convert image unit from pixel to millimetre (Figure 1) . After calibration, the image quality for data elaboration has been enhanced, increasing the distinction between particles and background, by varying contrast, brightness and colour of the image (Figure 2 ). In the measurement process, the software automatically recognizes objects on the image ( Figure 3 ) and computes geometric and morphologic parameters, accordingly to operator's choice. Fig. 1 . Calibration process to convert image unit from pixel to millimetre. 
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The following geometric and morphologic measurements were considered.
Area: reports the area in mm 2 for the selected object.
Compactness: reports a numeric non-dimensional measurement of the shape of an object. It is defined as the perimeter squared, divided by the area:
The minimum Compactness of a perfectly measured and digitized circle is 4π (about 12.57).
As an object tends toward the shape of a line, the Compactness tends towards infinity.
Major Axis Length: calculates major axis of the object (defined by the two most distant points on the object) and reports the length in mm of the axis.
Minor Axis Length: calculates minor axis of the object (defined by the two most distant points on the object that creates a line perpendicular to the major axis) and reports the length in mm of the axis.
Perimeter: returns the perimeter in mm of an object.
Shape Factor: measures the shape (circularity) of a measured object. This non-dimensional measure is defined as 4π times the object's area divided by the perimeter squared: 2 4 area Shape factor perimeter π ⋅ = (2)
A perfect circle will have a Shape Factor of 1. A line's Shape Factor will approach zero.
Feret Diameter: describes the shape of an object. It gives the diameter of the equivalent circular object that has the same area as the current object. For each object, it calculates the theoretical diameter of the object if it were circular in shape. This measure is often compared with an object's major and minor axes lengths to create new shape parameters.
The results obtained from image analysis were evaluated by considering statistical parameters, as described in the following.
Number of objects: counts the numeric values in the considered set.
Mean: returns, as central tendency, the order of magnitude of the value for each considered measurement. The arithmetic mean x is calculated as the sum of all measurements divided by the number of observations in the data set:
where i x is the single measurement and N is the total number of measurements.
Minimum: returns the least value of the considered data set.
Maximum: returns the greatest value of the considered data set.
Standard deviation: shows how much variation or dispersion there is from the mean in the data set and it is measured in the same unit of the data. The standard deviation σ is directly derived from the variance (σ 2 , which unit is the square unit of the considered data), as its square root:
where x is the arithmetic mean.
Standard error: returns an estimation of the standard deviation σ x of the estimator, giving a valuation of its imprecision. If the estimator is the arithmetic mean of N independent measurements with the same statistical distribution, the standard error is given via the equation:
Confidence interval: refers to the range of values preceding or following a mean value where it is expected an unknown population parameter (e.g. the true mean) is located. The width of the confidence interval gives an indication about uncertainty of the unknown parameter. If independent samples are taken repeatedly from the same population, and a confidence interval calculated for each sample, then a certain percentage (confidence level) of the intervals will include the unknown parameter. The confidence level is the probability value (1 -α) associated with a confidence interval. For example, say α = 0.05, then the confidence level is equal to 0.95, i.e. a 95% confidence level.
Let's be the true mean the considered unknown parameter; the confidence level is given by:
where A conf is area under the normal distribution curve that is equal to the chosen confidence level. In the case under investigation confidence levels of 95% and 99% have considered.
Dry sieve analysis
The dry sieve analysis is a mechanical method to assess the particle size distribution. A set of sieves with wire mesh cloth is stacked in column, so that each lower sieve has smaller openings than the one above; at the base of the column there is a round pan. A representative weighed sample is poured into the top sieve. The column is typically placed in a mechanical shaker, that shakes the column for a fixed amount of time. After the shaking is complete the material on each sieve is weighed and divided by the total weight to gain the percentage retained on each sieve. In this study, certified high-precision sieves Giuliani in stainless steel (ASTM series) were utilized.
Laser granulometry
The laser granulometry analyses of the effect of diffracted light produced by a laser beam passing through a dispersion of particles. The angle of diffraction increases as particle size decreases. After mixing in distilled water (or alcohol), the representative sample is introduced in the measuring cell. The laser beam (wavelength = 632.8 nm; power = 5 mW) passes through the suspension and is deviated by particles accordingly to their particle size. The deviation is then analyzed by detectors. This method can measure particle sizes between 0.1 and 1,000 μm.
The laser granulometer utilized in this investigation was SYMPATEC HELOS/KA.
FTIR spectroscopy
The Fourier transform infrared (FTIR) spectroscopy utilizes the infrared region of the electromagnetic spectrum (between 0.8 and 1,000 μm wavelength) to recognize chemical composition of materials. In the case of plastic materials it allows to identify the structural polymer. The infrared spectrum (by transmittance or absorbance) of a sample is recorded by passing a beam of infrared light through the sample. A data-processing technique called Fourier transform converts raw data into the sample's spectrum. Then the sample's spectrum is compared to reference spectra. The samples were cleaned with water and mild detergent, rinsed with deionized water and then dried in oven with air convection at 450 °C for 24 hours.
The characteristics of the instrument utilized in this study for FTIR spectroscopy are:
• FTIR Perkin-Elmer SpectrumOne; • equipped with HATR, crystal ZnSe, 45°, (pressure 90) ; • wavenumber range: 4000-630 cm -1 ; • resolution: 4 cm -1 ; • number of scanning: 4.
Methods for waste processing
Waste processing was carried out at laboratory scale to assess the feasibility of recycling. In particular, for the treatment of the different typologies of investigated pharmaceutical waste, comminution operations were evaluated. According to the composition of products (polymeric materials) cutting mills were employed, which apply shearing to reduce particle size. In this study a cutting mill Retsch -SM 2000 equipped with interchangeable sieves to control particle size in output product was utilized to carry out comminution tests.
Materials
The bottles in HDPE are utilized for suspension to be reconstituted. The analyzed samples are composed by waste bottles, collected at the end of the production line and manually emptied. The bottles are without labels and caps and may contain residual powder. A synthesis of HDPE bottles characteristics is reported in Plastic bags and films derive from the packaging of raw materials utilized in production processes. The analyzed samples are of varying composition and thickness, and contain residual powders, whose composition is in relation to the production cycle. Four different typologies of plastic bags and films were identified:
• white and red bags, containing bicarbonate; • thin-film; • bags, with printed character "A" in black; • bags, with printed character "A" in blue.
The samples were analysed by FTIR spectrometry to identify the polymeric composition ( Figure 4 ).
As resulting from the comparison of acquired spectra with the reference one, all 4 types of materials are polyethylene (PE), in particular the recognized polymeric structure is lowdensity polyethylene (LDPE).
The residual powders were analysed by dry sieve analysis to identify size distribution, characterized by a mode of the distribution equal to 112 μm, while the top-size is lower than 1,000 µm.
The flexible multi-layered (plastic and aluminium) sachets containing granular medicine are wasted at the end of the production line because of incorrect filling. In this case, the sachets are collected and sent to disposal. The number of wasted sachet is 4·10 6 per year on average. The granular medicine contained in sachets was analysed by dry sieve analysis and by laser granulometer to identify size distribution. Size distribution was analyzed by dry sieve analysis and laser granulometry ( Figure 5 ), showing different mode and top-size. In particular, laser granulometry shows lower value of both (mode: 40 μm, top size: 100 μm) than dry sieve analysis (mode: 280 μm, top size: 1000 μm). This is probably due to the breakup of aggregated granules during mixing in water.
Preliminary tests
For the recovery of the waste materials, in order to evaluate the possibility of adopting an industrial shredder installed in the production plant under investigation, preliminary comminution tests have been carried out on the following waste typologies:
• primary packaging: bottles in high density polyethylene (HDPE), for suspension to be reconstituted; bottles in poly(ethylene terephthalate) (PET), for syrup; -plastic bags and films of varying composition and thickness; • pharmaceutical waste: flexible multi-layered (plastic and aluminium) sachets containing granular medicine. Table 4 . Technical characteristics of industrial shredder installed in the investigated plant.
On the two shafts of the shredder 19 blades are fixed that, thanks mainly to the application of cut stresses, are able to break the waste materials ( Figure 6 ). Some of the material is broken by tear action due to the rotation of the blades. In the preliminary lab tests, the application of cut stresses have been obtained by mean of a blade mill RETSCH -SM 2000, that can be equipped or not with different grids that allow to control the size of the comminuted products. The comminution chamber of the mill is shown in Figure 6 .
The preliminary laboratory tests have been conducted in dry conditions adopting two different operational configurations:
• without the grids for the control of the size of the comminuted products; • with a 20 mm mesh grid. 
Results of the preliminary laboratory tests
The preliminary lab tests have shown the effectiveness of the application of cut stresses to break the considered typologies of pharmaceutical waste materials. Moreover, the comminuted products obtained in the tests are characterised by an average lower size that is above the higher average size of the powder and granular medicine contained in the waste sachet (1.0 mm). The results obtained in the preliminary tests are reported for each considered waste typologies in the following.
•
Bottles in high density polyethylene (HDPE), for suspension to be reconstituted
The bottles have been divided in two parts in order to reach dimensions suitable for the laboratory blade mill.
The tests carried out without the adoption of the control grids did not produce useful results, as no breakage were observed in the bottles collected in the output.
On the contrary, in the tests carried out with the adoption of a 20 mm mesh control grid it was possible to break the bottles in HDPE and reach comminuted products mainly belonging to the size class +1.0 mm. The comminuted products are shown in Figure 7 .
Bottles in poly(ethylene terephthalate) (PET), for syrup
The bottles have been divided in two parts in order to reach dimensions suitable for the laboratory blade mill. The bottles have been divided in two parts in order to reach dimensions suitable for the laboratory blade mill. The tap and aluminium ring have been kept in the sample. The bottles submitted to the tests did not contain syrup. The tests carried out without the adoption of the control grids did not produce useful results, as no breakage were observed in the bottles collected in the output. On the contrary, in the tests carried out with the adoption of a 20 mm mesh control grid it was possible to break the bottles in PET and reach comminuted products mainly belonging to the size class +1.0 mm. The comminuted products are shown in Figure 7 . •
Plastic bags and films of varying composition and thickness
The preliminary comminuted tests have been carried out on samples of plastic bags containing bicarbonate and on samples of films. Both sample typologies are made of LDPE.
The plastic bags and films have been cut in samples of 50×50 mm and 100×100 mm in order to reach dimensions suitable for the laboratory blade mill. The tests carried out without the adoption of the control grids did not produce useful results, as no breakage were observed in the samples of 50×50 mm, and clogging and consequent stoppage of the mill for the samples 100×100 mm took place. On the contrary, in the tests carried out with the adoption of a 20 mm mesh control grid it was possible to break the plastic bags and films, both the 50×50 mm and 100×100 mm samples. The comminuted products of 100×100 mm samples of bags and films are shown in Figure 8 . When submitted to sieving classification, the comminuted products presented average size generally above 1.0 mm and, therefore, higher than the higher average size of the powder medicine contained in the bags and films. www.intechopen.com
• Flexible multi-layered (plastic and aluminium) sachets containing granular medicine
Preliminary tests were conducted on flexible multi-layered sachets containing granular medicine. The comminution tests resulted effective both without and with the adoption of the 20 mm mesh control grid. Notably, due to the lower resident time, the milling operations conducted without the control grid produced particles belonging to size classes greater than 1.0, i.e. greater than the maximum size of the granulate medicine contained in the sachet. Figure 9 shows the comminuted products classified in the size class +1.0 mm, while Figure  10 and Figure 11 show the comminuted products classified in the size classes obtained -1.0 +0.5 mm and -0.5 mm. Fig. 9 . Comminuted flexible multi-layered sachets containing granular medicine, belonging to the size class +1.0 mm, obtained in the preliminary tests without control grid (left) and with 20 mm mesh control grid (right). Fig. 10 . Comminuted flexible multi-layered sachets containing granular medicine, belonging to the size class -1.0 +0.5 mm, obtained in the preliminary tests without control grid (left) and with 20 mm mesh control grid (right). Fig. 11 . Comminuted flexible multi-layered sachets containing granular medicine, belonging to the size class -0.5 mm, obtained in the preliminary tests without control grid (left) and with 20 mm mesh control grid (right).
Waste processing (comminution) tests
On the basis of the results of the preliminary tests, the comminution processes in laboratory scale have been set up. Notably, the tests have been carried out adopting the blade mill Retsch -SM 2000 under two operational conditions:
• dry milling, with 2 cm mesh control grid; • wet milling, with 2 cm mesh control grid.
Wet drying has been realised feeding the mill with the waste materials together with little quantities of water. In such a way, the operational conditions that could be achieved with the shredder installed in the considered industrial plant have been simulated. For the Flexible multi-layered (plastic and aluminium) sachets, tests have been conducted with the blade mill and with a mini-shredder, in order to evaluate the possibility of recovering the granular medicine they contain. The comminuted products have been analysed by mean of:
• dry sieving; • laser granulometry; • imagine analysis.
The comminution processes are described in the following paragraphs, for each considered waste typology.
Bottles in high density polyethylene (HDPE), for suspension to be reconstituted
The HDPE bottles have been cut in their longitudinal axes before feeding them to the blade mill.
In the dry comminution tests, samples made of 5 bottles in HDPE have been adopted. The products of the dry and wet comminution tests have been submitted to dry sieving and image analysis. The sieving tests have been conducted adopting sieves of ASTM series with 2.0 and 1.0 mm mesh. The results of the sieving tests are reported in Figure 12 in terms of cumulative passing for dry and wet comminution tests.
Comparing the results of sieving tests (Figure 13) , the dry and wet comminution tests do not show substantial differences in the size distribution of their products. After the classification of particles in the size classes +2 mm, -2 mm +1 mm, and -1 mm obtained by sieving, image analysis has been conducted on the products of dry and wet comminution tests.
The results of image analysis for the bottles in HDPE are given in Tables 5-10 .
Examples of images of the dry and wet comminution products are shown in Figure 14 and Figure 15 respectively.
Comparing the results of the image analysis for the considered size classes, no major differences can be observed in the particles size of the products obtained in the dry and wet comminution tests in terms of the values of the parameters Area, Major Axis Length, Minor Axis Length and Feret Diameter. The high values of the parameter Compactness, measured in the products of both dry and wet comminution products, are in relation with the irregular morphology of particles, reasonably due to the cut stresses applied by the blades of the mill.
The values of the parameter Shape Factor describe a shape of elongated particles.
The statistic parameters, notably the standard deviation, show a high variability in the analysed particles, with standard error and confidence intervals substantially constant for both dry and wet comminution products. Fig. 16 . Bottles in PET, 20 mm grid, cumulative passing, dry comminution.
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products of comminution could not be easily extracted from the mill due to the presence of the syrup acting as a bonding agent for the PET particles and the mill surface. The dry comminution tests have been carried out on samples composed of 5 PET bottles. The products of the dry comminution tests have been submitted to dry sieving, laser granulometry and image analysis. The sieving tests have been conducted adopting sieves of ASTM series with 2.0, 1.0 mm and 38 μm mesh. Results of sieving tests and of laser granulometry analysis are reported in Figure 16 and Figure 17 , respectively, both as cumulative passing for the dry comminution tests. The size class -38 μm has not been analyzed due to the presence of paper fibres of the labels including fine plastic particles.
After the classification in the particle size classes +2 mm, -2 mm +1 mm, and -1 mm +38 µm obtained by sieving, image analysis have been conducted on the products of dry comminution tests. The results of image analysis for the bottles in PET are given in Tables 11-13. Examples of images of the dry comminution products are shown in Figure 18 . The high values of the parameter Compactness, measured in the products of both dry comminution products, are in relation with the irregular morphology of particles, reasonably due to the cut stresses applied by the blades of the mill. The values of the parameter Shape Factor describe a shape of elongated particles. The statistic parameters, notably the standard deviation, show a high variability in the analysed particles, in particular for the higher size class (+2 mm), while the intermediate size class (-2 +1 mm) presents more homogeneous values of the morphologic and dimensional parameters. 183  183  183  183  183  183 Table 13 . Bottles in PET, dry comminution, size class: -1 mm +38 μm.
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Plastic bags and films of varying composition and thickness
The composition of the samples that contain the 4 typologies of plastic bags and films used in the dry and wet comminution tests are reported in Table 14 . The plastic bags and films have been cut in samples of 50×50 mm in order to reach dimensions suitable for the laboratory blade mill. Moreover, the samples maintained their content of bulk powder.
The products of the dry and wet comminution tests have been submitted to dry sieving, laser granulometry and image analysis.
The sieving tests have been conducted adopting sieves of ASTM series with 2.0 and 1.0 mm mesh. The results of the sieving tests are reported in Figure 19 in terms of cumulative passing for dry and wet comminution tests.
Comparing the results obtained in the sieving tests (Figure 20) , the wet comminution shows less particles belonging to the +2 mm size class than the dry comminution. Fig. 19 . Plastic bags and films, 20 mm grid, cumulative passing, dry (left) and wet (right) comminution.
The results of laser granulometric analysis are shown in Figure 21 in terms of size distribution for products of dry and wet comminution tests belonging to the -1 mm size class. Comparing the results obtained in the laser granulometry analysis, the dry and wet comminution tests do not show substantial differences in the size distribution of their products.
After the division in the particle size classes in +2 mm, -2 mm +1 mm, and -1 mm obtained by sieving, image analysis have been conducted on the products of dry and wet comminution tests. The results of image analysis for the plastic bags and films are given in Tables 15-20 . Examples of images taken of the dry and wet comminution products are shown in Figure 22 and Figure 23 respectively.
The results of image analysis are reported in the following for all the considered size classes.
Comparing the results of the image analysis for the considered size classes, the difference between dry and wet comminution tests can be observed in the dimensions of the collected particles, measured by the values of Area, Major Axis Length, Minor Axis Length e Feret Diameter: the analysed particles generally belong to smaller size classes.
The high values of the parameter Compactness, measured in the products of both dry and wet comminution products, are in relation with the irregular morphology of particles, reasonably due to the cut stresses applied by the blades of the mill to very thin material (LDPE). The values of the parameter Shape Factor describe a shape of elongated particles.
The statistic parameters, notably the standard deviation, show a high variability in the analysed particles, with standard error and confidence intervals substantially constant for both dry and wet comminution products. Table 20 . Plastic bags and films, dry comminution, size class: -1 mm.
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The products of the dry comminution tests have been submitted to dry sieving, laser granulometry and image analysis.
The sieving tests have been conducted adopting sieves of ASTM series with 1.0 mm, 0.85 mm and 0.50 mm mesh.
The results of the sieving tests are reported in Figure 24 in terms of cumulative passing for the dry comminution tests.
The wet comminution tests have been carried out in order to verify the effect of the use of water on the granular medicine. The results of the tests have been analysed in qualitative terms. In the Figure 25 are shown the images of the products of the comminution test in which 0.4 l of water have been fed to the mill together with the sachets. From the images it can be observed that the sparkling granular medicine has not relevant effects. Moreover, the presence of water allowed reducing the dispersion of powder in the environment during the comminution. The results of laser granulometry analysis are shown in Figure 26 and Figure 27 in terms of size distribution for products of dry comminution tests belonging to the -1 mm +0.85 mm, -0.85 mm +0.5 mm and -0.5 mm size classes. The results of the sieving tests show that the comminuted dry sachets are mostly found in the +1.0 mm and -0.5 mm size classes. In fact, in these classes are respectively collected the multi-layered materials and the granular medicine particles. In the size class -1.0 mm +0.85 mm, the results of laser granulometer analyses show two principal modes, reasonably due to the presence of both multi-layered materials and granular medicine.
After the division in the particle size classes in -1 mm +0.85 mm obtained by sieving, image analysis have been conducted on the products of dry comminution tests. The results of image analysis for the multi-layered sachets are given in Table 21 . Examples of images taken of the dry comminution products are shown in Figure 28 . The high values of the parameter Compactness, measured in the products of dry comminution products, are in relation with the irregular morphology of multi-layered particles, reasonably due to the cut stresses applied by the blades of the mill.
The statistic parameters, notably the standard deviation, show a high variability in the analysed particles, due to the simultaneous presence of multi-layered and granular particles. 

Conclusions
The results of experimental tests demonstrate the effectiveness of shear stress to comminute primary packaging and waste pharmaceutical product under investigation.
The comminution tests by blade mill RETSCH -SM 2000 show the following outcomes:
• shear stresses on plastic materials determined an irregular and elongated shape on output particles; • wet and dry conditions are irrelevant on geometric and morphological characteristics of output particles; • statistical analysis on image analysis data evidenced a high variability in geometric and morphological parameters: this is probably due to plasticity property of materials under investigation and to applied shear stresses; • size distribution of the plastic particles after comminution is always greater than 1.0 mm and, therefore, greater than powder eventually contained inside packaging (e.g. in pharmaceutical waste).
Considering the outlined results, the comminution process seems to be a feasible treatment for pharmaceutical waste, in order to reduce particle size and to separate packaging materials (mainly plastics) and powder eventually contained.
The wet comminution, even if not influential on geometric and morphological characteristics of output particles, can be adopted to avoid powder dispersion in air.
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